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DIET-INDUCED HYPERTENSION AND CARDIOVASCULAR LESIONS IN MICE:
The effects on the coronary arteries of feeding a normal diet to mice pre-
viously fed a high-fat diet have been described.' Following the first week
of "recovery" (feeding a normal diet) there was a high incidence of medial
hyalinization and a mural and perivascular infiltration of inflammatory
cells. After two and three weeks of recovery a perivascular fibrosis and
subendothelial hyperplasia of smooth muscle had developed. Medial cir-
cular smooth muscle was also hyperplastic. These lesions resemble those of
experimentally induced hypertension.' Previous studies have shown that
the arterial system of mice is relatively resistant to damage produced by
atypical diets.' In the coronary arteries of mice restricted to the high-fat diet
for as long as 78 weeks, lesions were limited in severity and incidence.l"'
Arterial lesions of rabbits fed an atherogenic diet are enhanced when the
animals are returned to a normal diet.7" In swine and dogs, alternating
periods of starvation and refeeding produce hypertension and mural vascu-
lar lesions."'
This report considers the relationship between hypertension and the
arterial lesions produced in mice fed a normal diet following seven weeks
of restriction to a high-fat, hypolipotropic diet.
MATERIALS AND METHODS
Animals. Young adult nulliparous mice (8-12 weeks of age ranging in weight from
28-32 gm.) of the Taconic Swiss (TS) stock were used. The mice were divided into
two groups, the recovery animals and the experimental controls. Animals in the re-
covery group received the experimental diet for seven weeks and were then fed a nor-
mal diet (Purina Laboratory chow) for a period of one to three weeks. Representative
animals were killed after one, two, or three weeks of recovery. The experimental con-
trols were fed the experimental diet for periods of 7-10 weeks and were killed at in-
tervals of seven, eight, nine, and ten weeks. Blood pressure and hematocrit determina-
tions were made prior to death by cervical compression. Blood pressure and hematocrit
levels were also determined in normal mice receiving no treatment and maintained on
Purina Laboratory chow.
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Diets. The basic experimental diet has been used in other studies. Here, a relatively
unsaturated fat, cod liver oil, has been substituted for lard, its more saturated counter-
part. The composition of this diet is as follows:
gm/100
Sucrose 57.5
Cod liver oil 28.0
Casein (vitamin free) 8.0
Salt mixture no. 2 (U.S.P. XIII) 4.0
L-cystine 0.5
Vitamin mixture 2.0
The vitamin and salt mixtures are considered adequate and have been previously de-
scribed.10 The diet was not supplemented with a lipotropic material and is obviously
high in fat and carbohydrate and low in protein. Feeding the diet and housing the mice
have also been described.10 To limit oxidation of fats and fat-soluble vitamins, the ex-
perimental diet was prepared twice weekly and refrigerated with small amounts of the
diet being added to the feeders as needed.
Histological methods. These procedures have been described earlier.' At least twelve
complete frontal sections of each heart were studied. In addition to the hearts, samples
of kidney, lung, liver, spleen, pancreas, aorta, and adrenals were also studied.
Blood pressure determinations. The method has been described in detail.'8 The mice
were anesthetized with intraperitoneal sodium pentobarbital, 0.06 mg. per gram of
body weight. The anesthetized mice (after 10 minutes at room temperature) were
placed in a warming box for nine minutes at 350 C. prior to the pressure readings. An
auscultatory microphone (Carter Electronics) was attached to the mouse's tail distal
to an occlusion cuff. The microphone, picking up the Korotkoff sounds, was monitored
through attachments to a Grass recorder and oscilloscope. The occlusion cuff was at-
tached to a Tycos aneroid manometer for reading blood pressure.
Hematocrit determinations. Venous blood was obtained from the orbital sinus-' by
standard heparinized microhematocrit capillary tubes. The blood was spun four minutes
at approximately 12,000 r.p.m. on an Adams Autocrit centrifuge.
Statistics. Statistical analyses were calculated by the "Student test."'
OBSERVATIONS
Blood pressure. Systolic blood pressures were determined in two separate
groups, 10 and 15 mice each, of non-dietary controls at three-week intervals.
The mean systolic pressures in these groups were 86.1 and 85.6 mm Hg.
When these two groups were pooled, the mean pressure was 85.8 mm Hg
(Fig. 1). After receiving the experimental, high-fat, low-protein, diet for
seven weeks the mean systolic pressure decreased to 52.1 mm Hg
(p < 0.001). Animals fed this atypical diet (dietary controls) for as long
as 10 weeks continued to be hypotensive. The highest mean in this group
was 59.6 mm Hg at nine weeks.
FIGS. 1-3. Graphs plotting systolic pressure (mm Hg), hematocrit (%) and weight
change (%) against time (in weeks). The dotted line represents weeks on the experi-
mental or deficient diet and the solid line weeks on the normal or recovery diet.
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Following a period of one week of recovery (return to a normal diet)
preceded by one of eating the experimental diet for seven weeks, there was
a sharp rise (56.9 mm Hg) in mean systolic pressure from 52.1 to 109.0 mm
Hg (p<0.001). Pressures had returned to approximately normal values
after two weeks of recovery. There was no significant difference (p>0.5)
in this group at 83.1 mm Hg as compared to non-dietary controls. Although
the pressure continued to fall during the third week of recovery, it appeared
to be stabilizing. Again, there was no significant difference between this
group at 78.0 mm Hg as compared to non-dietary controls (p>O.5).
Hematocrit determination. The results of hematocrit determinations are
illustrated in Figure 2. The mean initial hematocrit in normal or non-dietary
controls was 46.3%o. Following five weeks of feeding the experimental diet,
the mean hematocrit had decreased to 24%o but the range was wide. By the
seventh week the mean had declined to 9.8%o with a very restricted range.
Hematocrits remained below 15%o in mice which had been continued on the
experimental diet for as long as 10 weeks.
The hematocrits increased rapidly in mice returned to a diet of laboratory
chow. At the end of one week of recovery the hematocrits had risen to a
mean value of 41.8%o, slightly below the normal value of 46.5%o. After two
and three weeks the hematocrits seemed to be leveling off at values of 45.1%o
and46.6%o respectively.
Weight changes. Initially all mice weighed between 28 and 32 gm. (mean
29.4 gm.). Weight change was highly variable in animals fed the experi-
mental diet (Fig. 3). There was a gradual loss of weight averaging -26.3%o
at seven weeks. Mice remaining on the high-fat, low-protein, and hypolipo-
tropic diet after seven weeks continued to lose weight. After one week of
recovery the mean weight change was -11.7%o and at three weeks had risen
to +16.2%o.
Arterial lesions. A complete description of lesions identical to those ob-
served here has been reported.' In this earlier study the experimental diet
contained lard as fat rather than cod liver oil.
In mice fed the experimental diet only (Table 1) for periods ranging
from 7-10 weeks the only change observed was a low incidence of restricted
mural hyalinization2" of the intramyocardial branches of the coronary ar-
teries (Fig. 4). Although these hyalin deposits were usually focal, the af-
fected portions of the vessel were swollen and all layers of the arterial wall
were frequently involved. Necrotic medial smooth muscle was observed
occasionally in the more severely damaged vessels. Only one vessel in this
group contained a site of leukocytic response and this appeared to be a re-
action to an adjacent focus of myocardial necrosis.
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TABLE 1. INCIDENCE (%) OF ARTERIAL LESIONS IN MICE FED EXPERIMENTAL DIET
Received experimental diet for 7 weeks
Received Plusseven Plusfour- Plus twenty-
experi- daysre- teendays onedays
mentaldiet covery on recovery on recovery on
Experimental onlyfor normal normal normal
regimen 7-10 weeks diet* diet* diet*
Number of mice 75 20 15 18
Lesions:
Hyalinized and/or
necrotic arteries 17% 52% 73% 33%
Polyarteritis
(with and without
mural hyalinization) 1% 24% 80% 17%
Perivascular fibrosis
and smooth muscle
hyperplasia 0% 47% 67% 50%
* Purina Laboratory Chow.
After one week of recovery, the incidence of mural hyalinization in ar-
teries had increased considerably, as to involvement of hearts as well as
incidence in the group (Table 1). Although medial hyalinization remained
the most frequent lesion, but with an increased incidence (from 17%o to
52%), an acute arteritis23 had developed in many vessels and involved all
layers of the arterial wall and extended into the adjacent myocardium. This
inflammatory exudate was cellular, fibrinous, or both (Fig. 5). The cellular
response was chiefly of mononuclear leukocytes. Hyaline substance had been
completely removed from some of the more advanced arterial lesions.
Following the acute arteritis a condition or stage characterized by ad-
ventitial and periadventitial fibrosis with an apparent hyperplasia of smooth
muscle of the media and intima was seen. This response, not seen in mice
fed only the experimental diet, was observed in 47%o of the mice after one
week of recovery. Hyalinization and arteritis reached their peaks during
the second week of recovery with respective incidences of 73%o and 80%o.
The perivascular fibrosis and smooth muscle hyperplasia had attained an
incidence of 67%o by the second week and continued to be the predominant
changes after three weeks (Table 1). The earliest evidence of perivascular
fibrosis was the replacement of leukocytes by fibroblasts within the ad-
ventitia. The degree of fibroblastic proliferation differed from vessel to ves-
sel and was associated with varying amounts of collagenesis. Smooth muscle
hyperplasia began in the medias of recovery vessels although occasionally a
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few longitudinally oriented fibers could be located within the intima, be-
tween the endothelium and a fragmented internal elastic membrane.
By three weeks of recovery the circularly oriented smooth muscle of the
media was several layers thick. The longitudinally oriented smooth muscle
of the intima had also thickened, constricting the lumen of many vessels. In
some vessels the proliferation was even and concentric while in others the
hyperplasia was unevenly distributed. This resulted in several protruding
thickenings or cushions creating an eccentrically located and/or stellate
shaped lumen (Fig. 6). The intimal thickenings were also characterized by
an intimal fibrosis composed of reticular, collagenous, and elastic fibers
(Fig. 7). By the third week of recovery the incidences of hyalinization and
arteritis had decreased.
Other organs. Although extensive fatty changes and ceroid deposition
occurred within the livers of these animals, it is not the purpose of this study
to report these findings. In addition to the coronary arteries, similar vascular
lesions were also seen in the hepatic arteries of recovery mice. Occasionally
vascular changes, typical of recovery were seen in small arteries of the
superior mediastinum. The kidneys showed no vascular changes and in-
flammation was infrequent. The adrenals were apparently normal with vary-
ing amounts of ceroid in the zona reticularis. None of the other organs
studied, lung, spleen, pancreas and aorta, demonstrated vascular alterations.
The intestines and mesenteric vessels were not studied.
DISCUSSION
In this study mice were fed a normal diet of Purina Laboratory chow
following restriction to an experimental (high fat, low protein, and hy-
polipotropic) diet for a period of seven weeks. Mice fed the experimental
diet developed hypotension. Similar diets with added thiouracil produce
hypotension in rats." Prolonged periods of malnutrition or deprivation of
food also result in hypotension.' Furthermore, hypotension has been
shown to produce arterial lesions." An attempt was made to prevent a
possible toxic effect of dietary lipid oxidation. This toxicity, if present, will
not produce the recovery lesions by itself as they are not seen in animals
fed the experimental diet only as long as ten weeks.
During the first week of recovery (eating the normal diet) the systolic
pressures rose rapidly to levels above that of controls. Although the degree
of absolute hypertension was not too great (109.0 mm Hg), the relative
hypertension was statistically significant with an increase of 56.9 mm Hg.
The earliest coronary artery lesions were also seen at this time, thus repre-
senting a maximum of one week for development of hypertension and the
.6
Volume 43, October, 1970FIG. 4. (Figures 4-7 show intramyocardial branches of coronary arteries of mice).
Heart from mouse fed the experimental diet only for seven weeks. Arrow indicates a
portion of the vessel wall that is swollen and hyalinized. Endothelial cells are swollen
but intact. PAS and H. X200.
FIG. 5. Heart from mouse fed a normal diet for one week after seven weeks on the
experimental diet. Acute arteritis involving all layers of the vessel wall and extending
into the adjacent myocardium is demonstrated. The exudate consists of both cellular
and fibrinous components. Many of the endothelial cells are vacuolated and the internal
elastic membrane is fragmented. PAS and H. X200.
FIG. 6. Heart from mouse fed a normal diet for three weeks after seven weeks on
the experimental diet. The size of the arterial lumen has been severely reduced by hyper-
plasia of smooth muscle. PAS and H. X400.
FIG. 7. Heart from mouse fed a normal diet for three weeks after seven weeks on
the experimental diet. The reticular pattern surrounding the intimal smooth muscle and
adventitial and periadventitia fibrosis are demonstrated. Reticulum plus PAS method.
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vascular lesions. According to Wilson and Byrom,.' the severity of the
arterial lesions associated with hypertension is dependent upon the acute-
ness of the onset of hypertension rather than the height or duration. Here
it was not possible to determine whether the hypertension contributed to or
was a sequela of the vascular lesions. It seems reasonable to assume that
the hypertension was primary since it was transient while the lesions were
progressive.
Studies in man have shown that severe hypertension develops upon re-
turn to a normal diet following prolonged periods of malnutrition."' In
dogs and swine, alternating periods of starvation and refeeding produce
hypertension and hypertensive vascular changes."' Studies in rabbits,
blood pressures not recorded, have shown that cholesterol atherosclerosis is
enhanced and the cytomorphology of the lesions altered by returning the
animals to a normal diet."' In rats, atherosclerosis is also accelerated by
concurrent hypertension.'"," Again, the actual cause and effect relationship
was not determined. The results of the present study demonstrate an epi-
sode of hypertension related to the development of arterial lesions but they
do not explain the etiology of the hypertension.
Selye'8 states that chronic undernourishment with protein-deficient diets
is stressful, but the stress reaction is unusual in that there is no adrenal
stimulation. Handler and Bernheim reported a diminished ACTH produc-
tion in rats on low protein diets. The severe stress of dietary regimen such
as the one used has been mentioned by several investigators." Possibly,
the hypertension associated with refeeding is due to stress and mediated via
the adrenals. However, no adrenal changes were observed in mice used in
this study.
Mural hyalinization and fibrinoid degeneration, as shown in the recovery
lesions, are characteristic of hypertensive vascular injury.e" The severe
mural and periarterial reaction is not so pronounced in mane but is char-
atceristic of hypertensive disease in rats.' Medial smooth muscle hyper-
plasia and hypertrophy is a well known response to the increased intra-
luminal pressure of hypertension."' Cellular hyperplasia internal to the
internal elastic membrane, identified here as smooth muscle, is typical in
many forms of vascular injury" including acute, degenerative or malignant
hypertension.67' The intimal foam cells characteristic of atherosclerosis are
also considered as smooth muscle derivatives and/or smooth muscle-like
cells."""' The difference in their appearance and the hyperplastic cells ob-
served here may be dependent upon the presence of a hyperlipemia during
or following the proliferative phase.' Hyperlipemia could not be substanti-
ated in mice fed the experimental diet used here.'7 However, the mice were
fasted prior to blood sampling.
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SUMMARY
Mice fed a high-fat, low-protein, hypolipotropic diet for 7-10 weeks lost
body weight (-26.3%o), became progressively anemic (Hct. 9.8%) and
hypotensive (mean pressure 52.1 mm Hg compared to 85.8 mm Hg in con-
trols). A low incidence (17%) of mural hyalinization and/or fibrinoid
necrosis of the coronary arteries occurred in this group.
A second group of mice received the experimental diet (as above) for
seven weeks, were then fed an adequate diet of commercial laboratory chow
for one to three weeks before being killed. During the first week of recovery
(feeding of the normal diet) hematocrits returned to normal values
(41.8%fo) and a transient hypertension developed, reaching its peak (109 mm
Hg) after one week and returning to normal or subnormal levels (78.0 mm
Hg) by three weeks. A high incidence (52%) of damage to the coronary
arteries, well correlated with the hypertensive episode, also appeared during
the first week. This damage consisted chiefly of medial hyalinization that
progressed rapidly to an acute arteritis. After two to three weeks the pre-
dominant lesions were medial and intimal hyperplasia of smooth muscle and
periarterial fibrosis.
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